I. INTRODUCTION
T HE permanent-magnet synchronous generator (PMSG) has been widely applied in various power conversion systems due to the high power density, flexible magnet topologies, and excellent operation performance [1] - [3] . As the power capacity and the voltage level of PMSG system increase, the full power rating converter for PMSG system places the higher requirements on the switch devices [4] . The open winding configuration for PMSG is proposed as a novel solution for the high power capacity of PMSG system by connecting the ac side of the generator with two voltage source converters (VSCs). Thus, many advantages, such as lower dc-link voltage, flexible control objective, and multilevel modulation effect can be achieved [5] - [13] .
The traditional open winding PMSG system is shown in Fig. 1 , in which the reduced capacity for one converter can be obtained. Up to now, many types of converter configurations have been proposed for the open winding power conversion system to synthesize a higher voltage level output [14] - [19] . In [20] , the unity power factor control, voltage quadrature control, and optimum inverter control with open winding configuration were analyzed in detail and validated by experimental results. Nevertheless, if power rating of PMSG is fixed, the total VA rating of switch devices for the traditional open winding configuration is still the same as the star or delta-connected conventional PMSG system. Meanwhile, the amount of switch devices for the open winding PMSG system would be double due to employing two VSCs, which makes the system more complicated and jeopardizes the system reliability. In order to reduce the total power rating of the all switch devices, an open winding power conversion system fed by two half-controlled converters (HCC) was proposed in [21] . Although the HCCs can guarantee immunity to dc bus shoot through, the calculation process for switching signal is complex. Furthermore, a series compensated open-winding-PMSGbased generation system was proposed in [22] , in which the open winding PMSG is connected with a diode bridge and a VSC in each side of the stator winding. A capacitor is linked to the dc side of the VSC to compensate the active power output. Nevertheless, since the current on the diode bridge is not controllable and the corresponding control scheme is still conventional, the harmonic components of stator current are too high to limit the application in the high-power-conversion system. Thus, the operation mechanism and the optimized control strategy of the open winding PMSG system with singleside controllable VSC is still needed to be investigated.
In this paper, an open winding PMSG system with the integration of fully controlled and uncontrolled converter was investigated. Section II gives a brief introduction of the open winding PMSG system and tabulates a comparison of the proposed topology and other converters on the total switch 0093-9994 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. device VA rating. Section III shows the mathematic model of the proposed system. Then, the operation performance with the different dc bus voltage ratios is analyzed in four different cases in Section IV. As a result, the optimized control strategy is selected to obtain the larger linear modulation area. In Section V, the availability of the proposed control strategy for the open winding PMSG system is validated by the experiment results. Finally, conclusions are made in Section VI.
II. COMPARISONS BETWEEN INVESTIGATED TOPOLOGY AND OTHER CONVERTERS
The single-side controllable open winding PMSG system topology in this paper is shown in Fig. 2 , in which three phase windings of the open winding PMSG are connected to two converters. One converter is a traditional VSC with the controllable switch device, whereas the other is a threephase diode-bridge-based uncontrollable rectifier. In Fig. 2 , two isolated dc voltage sources named as U dc1 and U dc2 are used as an equivalent to simplify the grid-side configuration.
Compared with the traditional open winding system topology fed with two VSCs, the proposed work only needs half the amount of insulated-gate bipolar transistors (IGBTs) by employing a diode rectifier. The diodes can avoid the driving circuits and snubber circuits so that the system structure is simplified; thus, the proposed work takes a lower expense. On the other hand, the proposed work only needs to deal with one VSC in the control process, which is easier and more reliable than the conventional two-VSC fed system. It can be found that the VSC dc-link voltage U dc1 in the proposed work determines the total VA rating of switch devices. Setting the VA rating of the total open winding system as base value, the switch device capacity in the proposed work takes a ratio of U dc1 /(U dc1 + U dc2 ). However, U dc1 in the proposed work should be kept within a reasonable range, which will be introduced in Section IV.
The comparisons of the investigated topology with the traditional open winding topology and the single-VSC fed Y-star topology are shown in Table I . It shows the comparisons from the viewpoint of switch device amounts, converter capacity, and complexity. It can be concluded that the proposed work can enhance the converter reliability and simplify the implementation.
III. MATHEMATIC MODEL OF THE SINGLE-SIDE CONTROLLABLE OPEN WINDING PMSG SYSTEM
The mathematic model of the open winding PMSG system in Fig. 2 on the stationary reference frame can be written 
where u is the phase voltage; e is the phase electromotive force (EMF); i is the phase current; L is the phase inductance; R is the phase resistance; S is the switching state of each bridge of the VSC; subscripts a, b, and c represent the components in the a, b, and c phases, respectively; subscripts 1 and 2 represent the VSC and the diode bridge; and U mn means the voltage between nodes m and n.
Since the sum of the three phase currents should be zero, the voltage difference between g1 and g2 can be written as
Meanwhile, (1) can be expressed as
where
The ac-side voltage of the three-phase diode bridge is decided by the current direction. For example, if i a is positive and go through D2, U a2g2 is zero. On the contrary, if i a is negative and go through D1, U a2g2 is equal to U dc2 . Thus,
where 
where ω r is the generator electrical angular speed; Ψ r is the rotor magnetic flux produced by the permanent magnet; subscripts d and q represent the d-and q-axis components, respectively; and P e is the power output by the PMSG system. 
where V I and V II is the voltage vector modulated by the VSC and the diode bridge, respectively. It should be noted that the voltage vector V II is decided by the ac-side current direction in the three-phase diode bridge. As the three phase currents will not be in the same direction at one time, the diode bridge can provide six different voltage vector statues for the open winding PMSG. The relationship between the current direction and V II is shown in Table II , in which N and P represent the phase current in the negative and positive directions, respectively. The output vector means the corresponding voltage vector generated by the diode bridge.
According to the six different output voltage vectors and the current direction of the diode bridge, Fig. 3 shows the vector scheme of the open winding PMSG system with the integration of full-controlled and uncontrolled converter in the case that U dc1 = U dc2 , in which the current vector is departed into six regions by the dashed line, which are named regions 1-6. Considering that U dc1 = U dc2 , if i a and i b are positive, while i c is negative, V II can be expressed as (001), and the current vector locates in section 2. Meanwhile, the controllable VSC could modulate voltage vector around the center point B. Then, V ref can be modulated in the range of the blue hexagon.
Because only one controllable converter is employed in the open winding PMSG system, the common-mode voltage will inevitably occur. However, since the investigated open winding system is supplied with two isolated dc buses and a zerosequence circuit is nonexistent, the sum of the three phase stator currents is zero at any instant according to Kirchhoff's law. Thus, the proposed work makes no contribution to the commonmode current. The investigation of this paper is focused on the control strategy and analysis of the open winding PMSG system with single-side controllable converter; the further analysis on common-mode voltage and current will be accomplished in the future.
IV. STUDY ON DIFFERENT DC-LINK RATIOS
The dc-link ratio of two converters is an important parameter for open winding system, which affects the system output voltage characteristic and power distribution on the two converters. In the previous research, it can be found that the conventional open winding PMSG system with two isolated dc voltages could achieve various multilevel effects with different dc-link ratio values, i.e., U dc2 : U dc1 . In [24] , a four-level voltage waveform was achieved by employing the dc voltage ratio 2 : 1, and the lower current harmonic content can be obtained. A larger range of dc-link ratio from 0 : 1 to 2 : 1 was clarified in [25] , in which series modulation results with different ratio values were analyzed. Thus, it is different from the conventional multilevel implementation method that the open winding PMSG could achieve multilevel modulation effect by changing dc-link ratio without employing the corresponding multilevel converters.
Nevertheless, according to the aforementioned analysis, the open winding PMSG system with the integration of fullcontrolled and uncontrolled converter could only work in a limited modulation region due to the clamped voltage vector by the diode bridge. The limited region determines the available voltage vector modulation range. Thus, by investigating the operation mechanism on the different dc voltage ratios, the optimized control strategy of the single-side controllable open winding system can be achieved. In addition, because the total switch devices power rating is decided by U dc2 , it is helpful to obtain the cost-effective system for the single-side controllable open winding PMSG system by studying the influence of lower U dc2 on the system operation performance. Therefore, it is meaningful to investigate the dc-link ratio impact on the singleside controllable open winding PMSG system. hexagons formed by the VSC are named as main hexagons. The auxiliary hexagons are presented by the fold line, whereas the main hexagons are filled with blue background. Thus, the main hexagons indicate the available modulation area to obtain the voltage vector reference. If U dc2 : U dc1 = 0 : 1, no auxiliary hexagons can be modulated, the system will work as the traditional two-level converter system shown in Fig. 4(a) , in which the diode plays the role as a neutral point of the Y-connect. The modulation region is the whole main hexagon, same as a twolevel VSC. As U dc2 increases, the main hexagon area decreases. In the case that U dc2 : U dc1 = 1 : 2, the main hexagon can only overlap the whole auxiliary hexagon, as shown in Fig. 4(b) , which means that the voltage vectors combined by VSC can cover the voltage vector region by diode bridge, whereas in the case that U dc2 : U dc1 = 2 : 3, the main hexagon can only overlap part of the auxiliary hexagon, as shown in Fig. 4(c) . When U dc2 : U dc1 = 1 : 1, the voltage vector scheme is similar to a three-level one, as shown in Fig. 4(d) , in which O point is on the boundary of the main hexagon, which means zero vectors can still be modulated. While U dc2 : U dc1 > 1 : 1, the available voltage vector cannot cover region 2 because no zero vectors could be implemented. When U dc2 : U dc1 = 3 : 2, the voltage vector reference is limited in the phase angle region, as shown in Fig. 4(e) . Beyond the phase region, the voltage vector could not be modulated. When U dc2 : U dc1 = 2 : 1, the angle of the modulated range is equal to that of the range in section 2, which means 60
• , as shown in Fig. 4(f) . Fig. 4(a)-(f) . The limited modulation region indicates that the voltage vector amplitude is influenced by the angle between voltage vector and current vector. Therefore, the power factor angle is a key factor to determine the maximum linear modulation index for the open winding PMSG system when working on the singleside controllable converter. • in order to ensure the open winding PMSG system working in the generator condition.
A. Modulation Region Analysis
In Fig. 5 , the voltage equation of the open winding PMSG system can be expressed as
It should be noted that the available voltage vector will change as dc-link voltage ratio changes. In order to make a detailed analysis, it is discussed in four cases with different ratio ranges: 1) U dc2 : U dc1 < 1 : 2; 2) 1 : 2 < U dc2 : U dc1 < 1 : 1; 3) U dc2 : U dc1 = 1 : 1; and 4) 1 : 1 < U dc2 : U dc1 < 2 : 1. These four cases cover the ratio from 0 : 1 to 2 : 1. As aforementioned, the voltage vector modulation region for six current regions is discontinuous with the ratio exceeding 2 : 1, which means a failed work condition for the open winding PMSG.
1) U dc2 : U dc1 < 1 : 2: When the current vector is located in region 2, the voltage vector modulation region that can be achieved is the main hexagon region shown in Fig. 6 .
If the current vector is in phase with the voltage vector, the linear modulation range allows the maximum voltage reference (V ref ) max shown as OT. If the current is lagging (or leading) the voltage, based on the symmetry, it can be inferred that, as the current vector reaches the boundary OT, the corresponding voltage vector should locate in the shadow region between OT and OW. Thus, in order to implement the open winding PMSG Fig. 6(b) shows the available voltage vector range when current vector is located on OT. In Fig. 6(b) , it is shown that the boundary trajectory swerves in three different angle thresholds, namely, β, γ, and θ, which can be calculated as
In order to obtain the relationship between ϕ and (V ref ) max , the length between zero vector point O and the boundary could be solved as (V ref ) max . As power factor angle changes, the (V ref ) max varies along with the modulation region boundary. It can be deduced as
2) 1 : 2 < U dc2 : U dc1 < 1 : 1: If the dc-link ratio is 1 : 2 < U dc1 : U dc2 < 1 : 1, the modulation region achieved is shown in Fig. 7 . In this case, two different angle thresholds β and θ have the same definition as that in case 1.
It can be inferred from Fig. 7 that the relationship of power factor angle ϕ and (V ref ) max can be given as
3) U dc2 : U dc1 = 1 : 1: If the dc-link ratio U dc2 : U dc1 = 1 : 1, the zero vector could still be modulated. In addition, the power factor angle is limited within the range of 30
• , as shown in Fig. 8 .
In addition, it can be inferred from Fig. 8 that, in the linear modulation range, the relationship of power factor angle ϕ and (V ref ) max can be given as
4) 1 : 1 < U dc2 : U dc1 < 2 : 1: If the dc-link ratio 1 : 1 < U dc2 : U dc1 < 2 : 1, the available voltage vector cannot cover region 2 because no zero vectors could be implemented. 
Assuming voltage base value V base = √ 3(U dc1 + U dc2 )/3 and the modulation index M = V ref /V base , Fig. 10 shows the relationship between power factor angle ϕ and the maximum modulation index M max on the different dc-link ratios. It can be seen that, when U dc2 : U dc1 < 1 : 1, the modulation region can cover the power factor angle changing from 0
• to 90 • . While U dc2 : U dc1 > 1 : 1, the power factor angle is limited in a certain range to achieve the available modulation region, as shown with the line (f-j). In Fig. 10 , it is shown that, 
in all cases from U dc2 : U dc1 = 0 : 1 to U dc2 : U dc1 = 2 : 1, the unity power factor can give out the maximum modulation index, which means that the maximum voltage utilization can be achieved. Fig. 11 shows the relationship between the power factor angle ϕ and M max , M min on the different dc voltage ratios in the case U dc2 : U dc1 ≥ 1 : 1. Fig. 11(a) gives the relationship in the case U dc2 : U dc1 = 1 : 1. It can be seen that the available power factor angle region is from 0
• to 30
• . In Fig. 11(b)-(d) , the cross point of the curve M max and M min represents the maximum power factor angle ϕ that could be achieved. Thus, the available power factor angle operation region decreases as the dc-link ratio increases. Therefore, it can be seen that the available modulation region will diminish as the dc voltage ratio becomes larger.
From the analysis above, it can be concluded that unity power factor control method is the optimized control strategy for the single-side controllable open winding PMSG system to achieve the maximum voltage vector modulation range. As power factor angle increases, the available M max will decrease correspondingly, as shown in Figs. 10 and 11 . 
B. System Control Strategy
The control scheme of the single-side controllable open winding PMSG system is shown as Fig. 12 . With the unity power factor control method, the current reference i * S can be achieved by the power loop control regulator in (13) . The dand q-axis current references are obtained by (14) . Based on the current loop control regulator, the d-and q-axis voltage references could be calculated in (15) and (16) . When V ref is calculated, the voltage vector output by the diode bridge could be obtained by the three phase stator current direction. Then, the reference voltage for VSC modulation can be calculated from (6) . Thus,
where K p1 and K i1 represent the proportional and integral gains of the power control regulator, respectively; whereas K p2 and K i2 represent the proportional and integral gains of the current control regulator, respectively. As written in Section IV, if the voltage reference locates outside the linear modulation region, the open winding system operation will be unstable. Thus, the modulation index should be automatically limited within the available modulation range in case of the different dc-link ratios. Thus, it can be inferred that
In the practical operation, in order to achieve the stable operation of open winding PMSG system, a modulation index limiter can be applied to guarantee that the final modulation index is limited in the range restricted by M min and M max . 
V. EXPERIMENTAL RESULTS
The experimental system of 1-kW open winding PMSG system with the integration of full-controlled and uncontrolled converter is developed in a laboratory. In the experimental system, the open winding PMSG is driven by a 1.5-kW squirrelcage induction machine, and a gearbox with the ratio 17.08 is used as a mechanical interface. The induction machine is driven by a general converter. The open winding PMSG parameters are shown in Table III . Two isolated adjustable dc power supplies are used to establish the dc bus voltage. The VSCs are built with SEMIKRON SKM75GB124DE IGBTs. The VSC controller is implemented based on TMS320F2812, and the driver for IGBT is SEMIKRON SKHI61. The sampling frequency is kept at 10 kHz, and the switching frequency of the IGBTs is 5 kHz. The experimental waveforms acquisition is obtained by a YOKOGAWA DL750 scope recorder. Two 20-Ω resistances are paralleled with dc sources to work as the load to consume the energy generated by the open winding PMSG. The block diagram of experiment system is shown in Fig. 13(a) , and the experimental hardware setup is shown in Fig. 13(b) .
In the practical applications, the grid-side converter will be employed as the interface between the grid and the dc bus to implement the power flow from the open winding PMSG to the grid. Thus, the different ratios of dc-link voltages can be implemented by the grid-side converter control. The keynote of this paper is to investigate the operation impact with the different dc-link, and the two adjustable dc sources are applied to simplify the open winding PMSG system.
In the PMSG system, the back EMF is proportional to the rotor speed. Thus, the magnitude of voltage vector varies as the rotor speed varies. Thus, in order to validate the available modulation region and the proposed optimized control strategy of unity power factor control, the rotor speed is changed to match the modulation index. On the other hand, the d-and q-axis current references are set according to the constant power factor angle control to validate the relationship between power factor and modulation index. Fig. 14 shows the experimental results of a phase voltage and current in the case U dc2 : U dc1 = 1 : 1 and the voltage vector circles of the open winding PMSG system. U dc1 and U dc2 are both set as 150 V. On the operation condition of the same active power output reference with 360 W, the experimental results based on the unity power factor control and constant 15
• and 30
• power factor angle control are shown in Fig. 14(a) -(c). Because the unity power factor control can allow M max = 1, a stable work state with M = 0.8 is obtained in Fig. 14(a) . Theoretically, M max on the constant 15
• power factor angle control are 0.707 and 0.577 from (11) . The experimental results in Fig. 14(b) and (c) give the operation state as the critical point with modulation index as 0.7 and 0.57, which is almost equal to the maximum modulation index. If the modulation index is larger than 0.707 and 0.577, the open winding system could not work normally in the experiment. The stable work condition validates the range of power factor angle and the correctness of the relationship between power factor angle and M max . It should be noted that the voltage drop on stator resistance exists in the experiment,. The experimental result analysis with unity power factor control shows that the power factor is up to 0.997. Therefore, the resistive voltage drop does not affect the unity power factor implementation. Fig. 15 shows the experimental results of a phase voltage and current and the voltage vector circles in the case U dc2 : U dc1 = 2 : 3, in which U dc1 and U dc2 are set to 120 and 180 V, respectively. On the condition of the same power output with 360 W, the experimental results on the unity power factor control and constant 30
• and 45
• power factor angle control are shown in Fig. 15(a)-(c) . The unity power factor control allows M max = 1, and a stable work state with M = 0.8 is shown in Fig. 15(a) . Theoretically, the M max for constant 30
• power factor angle control are 0.693 and 0.621 from (10) . The experimental results in Fig. 15(b) and (c) give the operation condition as the critical point with M max = 0.68 and 0.61. If the modulation index is larger than these two values, the open winding PMSG system could not work normally. Fig. 16 gives the experimental results of a phase voltage and current waveforms and voltage vector circles in the case U dc2 : U dc1 = 3 : 2. U dc1 and U dc2 are set to 180 and 120 V, respectively. In the condition of the same power output with 360 W, it gives the comparison on the unity power factor control with both M max and M min and constant 10
• power factor angle control, which is the maximum angle that can be achieved. In theory, the M max and M min for unity power factor control are 0.8 and 0.4 from (12) . In addition, the maximum power factor angle is 10.6
• with M = 0.62. The experimental results in Fig. 16(a) and (b) give the operation condition as critical point, showing M max and M min as 0.78 and 0.4 with unity power factor control. In addition, constant 10
• power factor angle control shown in Fig. 16(c) gives the modulation index as 0.62, which matches the theory result accurately.
The comparison of theoretical and experimental M max and M min in the linear modulation region is shown in Fig. 17(a) and (b). It can be seen that the experimental results can match theoretical analysis well for all the three cases: 1) U dc2 : U dc1 = 2 : 3; 2) U dc1 : U dc2 = 1 : 1; and 3) U dc1 : U dc2 = 3 : 2. M max and M min can be achieved with ϕ = 0. When the power factor angle increases, the available modulation region decreases. Thus, unity power factor control method is the optimized control method for the open winding PMSG system with the integration of the VSC and the diode bridge. Meanwhile, in the case U dc1 : U dc2 = 1 : 1, the total power rating for switch device could be reduced to the minimum, and the available modulation region from 0 to 1 can be achieved.
Based on the unity power factor control, the dynamic response with 50% active power step changes from 1000 to 500 W is shown in Fig. 18 , with U dc2 : U dc1 = 1 : 1. It can be seen that P e can follow the power reference value with ±2.73% control error. The dynamic response time can be controlled in 200 ms. Fig. 19 shows the dynamic response with 50% speed step changes from 80 to 40 r/min with constant torque reference in the case that U dc1 : U dc2 = 1 : 1. As the rotor speed changes, the voltage amplitude reduces due to the back EMF decreasing. In addition, the torque ripple is limited in ±2.54%. It can be seen that the open winding PMSG can keep stable operation by the unity power factor control strategy.
VI. CONCLUSION
This paper has investigated the open winding PMSG system with the integration of full-controlled and uncontrolled converter. Due to the clamped voltage vector by the current direction in the diode bridge, the open winding PMSG can only work in a limited modulation region. Based on the analysis on the available modulation index on the different dc voltage ratios, the unity power factor control strategy is the optimized control for the open winding PMSG system with single-side controllable VSC, which can achieve the maximum voltage modulation range. 
